Paclitaxel is a first-line chemotherapeutic for patients with breast cancer, particularly triple-negative breast cancer (TNBC). Molecular markers for predicting pathologic responses to paclitaxel treatment is thus urgently needed since paclitaxel resistance is still a clinical issue in treating TNBCs. We investigated the transcriptional profiling of consensus genes in HCC38 (paclitaxel-sensitive) and MDA-MB436 (paclitaxel-resistant) TNBC cells post-treatment with paclitaxel. We found that OTUD7B was downregulated in HCC38 but upregulated in MDA-MB436 cells after paclitaxel treatment at cytotoxic concentrations. Moreover, our data showed that OTUD7B expression causally correlated with IC 50 of paclitaxel in a panel of TNBC cell lines. Moreover, we found that OTUD7B upregulation was significantly detected in primary breast cancer tissues compared to normal breast tissues but inversely correlated with tumor growth in TNBC cells. Besides, the increased levels of OTUD7B transcript appeared to causally associate with invasive potentials in TNBC cells. In assessments of recurrence/metastasis-free survival probability, high-levels of OTUD7B transcripts strongly predicted a poor prognosis and unfavorable response to paclitaxel-based chemotherapy in patients with TNBCs. In silico analysis suggested that OTUD7B regulation, probably owing to miR-1180 downregulation, may negatively regulate the NF-κB-Lin28 axis which in turn triggers Let-7 microRNA-mediated caspase-3 downregulation, thereby conferring paclitaxel resistance in TNBCs. These findings suggest that OTUD7B may be a useful biomarker for predicting the anticancer effectiveness of paclitaxel and could serve as a new drug target for enhancing the canceridal efficiency of paclitaxel against TNBCs.
INTRODUCTION
Paclitaxel is a tubulin-targeting agents [1] commonly used in currently anti-cancer therapies. In the updated National Comprehensive Cancer Network (NCCN) guidelines (www.nccn.org/patients), paclitaxel-based adjuvant chemotherapy is still recommended as a first-line regiment for treating patients with triple-negative breast cancer (TNBC). Paclitaxel targets microtubules to interfere with the mitotic spindle, resulting in cell cycle arrest and ultimately apoptosis [2] . Although paclitaxel eliminates most tumor cells, the mechanisms causing resistance in residual cancer cells are unclear. Drug resistance is a crucial problem in cancer therapy that impacts mortality rates [3] .
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Recently, the combination of paclitaxel with carboplatin was shown to significantly increase the proportion of 315 TNBC patients achieving a pathological complete response (pCR): this therapy produced a pCR rate of 59% compared with 38% pCR in patients who did not receive carboplatin [4] . Moreover, a randomized phase II trial that enrolled 443 patients with stage II to III TNBC receiving standard paclitaxel therapy with or without carboplatin found that the combination resulted in a significantly higher pCR rate (54% vs. 41%) [5] . These findings indicate that the majority of TNBC patients are likely insensitive to paclitaxel treatment. Since patients suffered from chemotherapy, identification of useful biomarkers for predicting pCR in TNBC patients receiving paclitaxel-based chemotherapies is urgently needed.
Recent studies have demonstrated that an aberrant expression of β-tubulin subtype TUBB3 due to amino acid alteration at the paclitaxel-binding site predicts a poor response to paclitaxel-based chemotherapy and unfavorable prognosis in patients with metastatic gastric cancer [6] , ovarian cancer [7] and non-small cell lung cancer [8, 9] . Although TUBB3 gene expression appeared to be an independent factor for breast cancer patients with luminal A/B subtypes, a Cox regression analysis of recurrencefree survival probability revealed that TUBB3 was not a useful prognostic factor for patients with HER2-enriched and basal-like (>75% triple-negative) breast cancers [10] . This result indicates that TUBB3 expression may be not a good biomarker for predicting paclitaxel response in these HER2-positive and triple-negative breast cancer patients. Even though alteration of β-tubulin subtypes may affect the anti-cancer effectiveness of paclitaxel, the discovery of new biomarkers other than TUBB3 to predict clinical outcomes in patients with HER2-positive and triple-negative breast cancers prior to receiving paclitaxel-based chemotherapy is likely valuable.
The 16 human Ovarian Tumour (OTU) family deubiquitinases (DUBs) are key regulators of the ubiquitin (Ub) code. Small OTU DUBs of the OTUD and OTUB subfamilies employ distinct mechanisms to achieve linkage specificity but the physiological roles of most members are unclear [11] [12] [13] . Accumulated evidence indicated that OTUD7B regulates inflammation and NF-κB signaling, T-cell activation and epidermal growth factor receptor (EGFR) trafficking [14] [15] [16] . IHere we find that OTUD7B were predominantly upregulated in paclitaxelresistant MDA-MB436 TNBC cells after paclitaxel treatment and highly correlated with IC 50 concentrations of paclitaxel in tested TNBC cell lines. Conversely, OTUD7B was dramatically downregulated in paclitaxel-sensitive HCC38 TNBC cells following treatment with paclitaxel. Intriguingly, compared to other OTUDs, OTUD7B transcript in tumors was significantly higher than that of normal tissues derived from patients with breast cancer. Moreover, OTUD7B upregulation was appeared to predict an increased risk for cancer recurrence/metastasis in breast cancer patients who may exhibit a poor pathologic complete response to paclitaxel chemotherapy. Finally, the in silico analysis showed that the loss of miR-1180 and the inhibition of inflammation-related pathways may be associated with OTUD7B-related mechanisms underlying paclitaxel resistance in TNBCs.
RESULTS

OTUD7B is predominantly upregulated following paclitaxel treatment in TNBC cells
To identify the molecules that are responsible for paclitaxel resistance in TNBCs, we analyzed transcriptional profiles of paclitaxel-sensitive HCC38 and paclitaxelresistant MDA-MB436 with or without paclitaxel treatment for 24 hours at their respective 10-fold IC 50 concentrations determined previously [17] . Then, we dissected 158 consensus genes with 1.5-fold changes after paclitaxel treatment in HCC38 and MDA-MB436 cells ( Figure 1A , Supplementary Table 1 ). Our data showed that OTUD7B was upregulated but DSTNP2, destrin, actin depolymerizing factor pseudogene 2, and VCAN, a member of the aggrecan/ versican proteoglycan family, were downregulated in MDA-MB436 cells ( Figure 1B ). An inversed effect on mRNA expression was detected in HCC38 cells ( Figure 1B) . However, mRNA levels from three independent experiments indicated that the transcriptional activity of OTUD7B was altered more dramatically upon paclitaxel treatment in both HCC38 and MDA-MB436 cells ( Figure 1C concentrations. The data showed that correlations between the IC 50 concentrations of paclitaxel and OTUD7B mRNA levels were marginal in the paclitaxel-untreated cells and significantly after treatment with paclitaxel in the tested TNBC cells (Figure 2A ). Compared to untreated control cells, the correlation of OTUD7B mRNA levels with IC 50 concentrations of paclitaxel appeared to be more significant in the tested TNBC cells (Figure 2A ). In contrast, in both paclitaxel-treated and -untreated cells, IC 50 concentrations of paclitaxel were inversely correlated with DSTNP2 (except in control cells) and VCAN mRNA levels ( Figure 2B and 2C ). In comparison with control cells, the mRNA levels of DSTNP2 and VCAN were determined respectively to significantly and marginally correlate with the IC 50 concentrations of paclitaxel in the detected TNBC cells ( Figure 2B and 2C). To validate these findings, we performed reverse transcription PCR (RT-PCR) experiment in order to determining the OTUD7B www.impactjournals.com/oncotarget mRNA levels in a panel of TNBC cells ( Figure 2D ). Our data showed that the levels of OTUD7B transcript causally associated with the PTX IC 50 concentrations in the detected TNBC cells ( Figure 2E ). Based on these findings, we subsequently focused on estimating the prognostic significance of OTUD7B in predicting the effectiveness of paclitaxel on clinical patients with breast cancer.
OTUD7B upregulation correlates with tumorigenesis and poor recurrence-free survival rates in clinical patients with TNBCs
To examine the association of OTUD7B expression with breast cancer development, we next analyzed the transcriptional profile of OTUD7B, as well as other OTUD subtypes, in TCGA breast invasive carcinoma (BRCA). The data showed that primary tumors expressed OTUD7B more abundantly than normal mammary epithelial tissues derived from patients with BRCA ( Figure 3A) . Moreover, among OTUD subtypes, the level of OTUD7B mRNA was detected to be much abundant in primary tumors compared to normal tissues derived from patients with breast cancer ( Figure 3B ). Accordingly, our data showed that the mRNA levels of OTUD7B in primary tumors are significantly higher than in normal adjacent tissues derived from BRCA patients ( Figure 3C ). Similar findings were also observed in paired normal adjacent tissues and primary tumors derived from patients with basal-like breast cancers, approximately 75% of which were TNBCs (Supplementary Figure 1) .
We next examined the in vivo tumor growth of TNBC cell lines HCC1806, HCC1937, HCC38, HCC70, MDA-MB231 and MDA-MB468 through the subcutaneous implantation into NOSCID mice for 4 weeks ( Figure 4A ). The data showed that tumor volumes of the tested TNBC cells post-implantation for 4 weeks are negatively correlated with OTUD7B mRNA levels ( Figure 4B ). Moreover, we detected the in vitro invasion ability of several TNBC cell lines HCC1806, HCC1937, HCC38 and MDA-MB231 by using trans-well cultivation ( Figure 4C ). Our results revealed that OTUD7B mRNA levels causally correlated with invasive ability of the tested TNBC cell lines ( Figure 4D ).
Because chemotherapeutic efficacy is frequently assessed by recurrence-free survival (RFS) probability, we further estimated the prognostic significance of OTUD7B in predicting RFS rates in breast cancer patients. Using the SurvExpress database, we found that high-levels of OTUD7B mRNA expression significantly correlated with poor RFS rates, with a hazard ratio (HR) of 1.4 in 1901 breast cancer patients ( Figure 5A ). OTUD7B mRNA levels in the high-risk cohort were significantly upregulated compared to the lowrisk cohort among enrolled breast cancer patients ( Figure 5B ).
Similar results were also observed in the another cohort with 1574 breast cancer patients in SurvExpress database (Supplementary Figure 2) . To investigate the predictive relevance among patients with different breast cancer subtypes, we performed further Kaplan-Meier analysis to compare RFS probability based on OTUD7B expression for patients represented in Figure 5A with luminal A/B, HER2- positive and basal-like breast cancers ( Figure 5C-5F ). Our data showed that OTUD7B upregulation was significantly associates with a poor RFS rate in patients with HER2-positive and basal-like breast cancers ( Figure 5E and 5F); the worst HR was observed in patients with basal-like breast cancer compared to other subtypes ( Figure 5F ). These findings might implicate that OTUD7B severs as a useful biomarker to predict poor prognosis in patients with estrogen receptor-negative breast cancers.
OTUD7B upregulation predicts a poor response to paclitaxel-based chemotherapy in breast cancer patients
We next evaluated the prognostic significance of OTUD7B in breast cancer patients who received paclitaxel-based chemotherapy. Using the K-M Plotter database, we found that OTUD7B upregulation reflected an unfavorable prognosis in terms of RFS probability in patients receiving pre-operative paclitaxel chemotherapy with unclassified ( Figure 6A ) and basallike ( Figure 6B ) breast cancer. On the other hand, OTUD7B upregulation more significantly (p < 0.05) predicted a poor RFS probability in patients receiving post-operative paclitaxel chemotherapy with unclassified ( Figure 6C ) and basal-like ( Figure 6D ) breast cancer.
Similar views were also observed in K-M analysis under the condition of distant metastasis-free survival probability using K-M Plotter database against patients receiving post-operative paclitaxel chemotherapy with unclassified (Supplementary Figure 3A) and basal-like (Supplementary Figure 3B) breast cancer. In comparison, we analyzed the transcriptional profile of OTUD7B in breast tumors derived from breast cancer patients receiving pre-operative paclitaxel-based chemotherapy. The data revealed that OTUD7B mRNA levels in breast tumors derived from patients with non-pathological complete response (pCR) were significantly higher than in patients with ( Figure 6E) . Similarly, among patients receiving post-operative paclitaxel-based chemotherapy, our results showed that OTUD7B mRNA levels in breast tumors derived from patients with non-pCR were predominantly elevated compared to those of patients with pCR ( Figure 6F ).
OTUD7B upregulation is associates with inhibition of inflammation-related pathways and activation of Let-7-mediated post-transcriptional regulation in paclitaxel-resistant TNBC cells
To ascertain the possible mechanism for OTUD7B upregulation-related paclitaxel resistance in TNBCs, 
which has been shown to trigger posttranscriptional downregulation of OTUD7B [18] in primary tumors derived from patients with TNBC. We found that mRNA expression levels of OTUD7B and miR-1180 were inversely related in tested tumor tissues ( Figure 7A Table 2 ). The inverse activity of these upstream regulators was computationally simulated in HCC38 cells ( Figure 7B ). Using the IPA database, we identified several Let-7-targeting genes in HCC38 and MDA-MB436 cells upon paclitaxel stimulation (Supplementary Figure 4A  and 4B) .
Since Let-7 microRNA has been shown to inhibit CASP3 expression, thereby promoting chemoresistance [19] , and be negatively regulated by the NF-kB-Lin28 axis in breast cancer cells [20] , we next analyzed the transcriptional profiles of OTUD7B, CASP3 and LIN28 in TNBC tissues. The data showed that OTUD7B expression was inversely correlated with CASP3 and LIN28 ( Figure 7C and 7D) , whereas mRNA levels of CASP3 and LIN28 ( Figure 7E ) were positively correlated in TNBC tissues. Moreover, RT-PCR analysis revealed that the mRNA levels of miR1180 and CASP3 are downregulated but OTUD7B transcript is upregulated upon PTX treatment in MDA-MB468 cells ( Figure 7F ). By using IPA software, the transcriptional inhibition of miR1180 on OTUD7B and the negative regulation of OTUD7B towards the NF-kBLin28 axis-inhibiting let-7 function on the transcriptional repression of CASP3 were computationally simulated ( Figure 7G ).
DISCUSSION
Resistance is a significant limitation to the effectiveness of cancer therapies. Here, we show that OTUD7B is upregulated in paclitaxel-resistant MDA-MB436 cells but downregulated in paclitaxel-sensitive HCC-38 cells after treatment with paclitaxel at 10-fold IC 50 concentrations for 24 hours. Moreover, OTUD7B upregulation significantly predicts an unfavorable risk for cancer recurrence/metastasis and is associated with a poor response to paclitaxel-based chemotherapy in breast cancer patients. The molecular mechanism underlying OTUD7B upregulation-related paclitaxel resistance is likely associated with the downregulation of OTUD7B-targeting miR-1180 and LPS/PI3K-related signaling cascades and as well as the induction of miRLet-7-mediated post-transcriptional inhibition of multiple genes in TNBC cells.
Previous studies have demonstrated that OTUD7B is a negative regulator for the NF-κB-related pathway through deubiquitination of TNF receptor-associated factor 3 (TRAF3) in mucosal immunity against infections [15] . Here, we find that paclitaxel-resistant MDA-MB436 cells suppress the LPS-and toll-like receptor adaptor molecule 1 (TICAM1)-related signaling pathways, which ultimately converge on the activation of NF-κB [21, 22] .
Activation of the NF-kB-related pathway is known to be critical for mediating the cellular response to oxidative stress and inflammation [23] [24] [25] . Increased oxidative stress has been shown previously to affect potential paclitaxel cancercidal effectiveness in ovarian cancer [26] . Based on these findings, we conclude that negative regulation of the NF-κB-related pathway by upregulated OTUD7B is a key mechanism underlying paclitaxel resistance in TNBCs. In contrast, the NF-κB-related pathway was known to control cell growth by regulating the cell cycle machinery such as cyclins D1 [27, 28] which plays as a key element in mammary gland development and breast carcinogenesis [29] . Here we show that the OUTD7B upregulation inversely correlates with the in vivo tumor growth in a panel of TNBC cell lines even though the increased levels of OUTD7B transcript are extensively found in primary tumors in comparison with normal tissues derived from patients with breast cancer. Therefore, OTUD7B upregulation may suppress tumor growth via negatively regulating NF-κB-related pathway in TNBCs.
The PI3K/Akt pathway plays important roles in tumorigenesis and drug resistance in human cancers [30, 31] . A previous study has demonstrated that LY294002, a specific inhibitor of the PI3K/Akt pathway, induces resistant cells to become more sensitive to paclitaxel or docetaxel treatment in prostate cancer cells [30] . In contrast, inhibition of the LPS-triggered inflammation response appeared to suppress oxidative stress-mediated activation of the PI3K/Akt-NF-κB signaling axis in macrophages [32] . Interestingly, a recent report demonstrated that blockage of LPS-induced inflammatory responses inhibits the activity of the PI3K/Akt-NF-κB pathway but induces activation of the Nrf2 pathway [33] , which is thought to be correlated with mechanism for chemoresistance in many cancer types [34] [35] [36] [37] [38] [39] , including breast cancer [40, 41] . In our simulation, the pharmaceutical inhibitory effect of LY294002 on PI3K/ Akt pathway was activated upon paclitaxel stimulation in paclitaxel-resistant TNBC cells. Again, this finding supports the hypothesis that induction of OTUD7B-mediated inactivation of the NF-κB-related pathway plays a pivotal role in the mechanism for developing paclitaxel resistance in paclitaxel-resistant TNBC cells.
Previously, we have shown that induction of Let-7 microRNA inhibits the expression of caspase-3, a master caspase in mediating cell apoptosis, and thereby confers multidrug resistance in breast cancer cells [19] . Similar findings have also been reported in other cancer types [42] . Here, we show that Let-7 microRNA is computationally predicted to be highly active in paclitaxel-resistant TNBC cells following paclitaxel treatment. Since our previous report showed that caspase-3 downregulation is predominant in TNBCs with chemoresistance against paclitaxel-based chemotherapy [19] , we believed that induction of Let-7 microRNA might be critical for protecting paclitaxelresistant TNBC cells from paclitaxel-caused cell apoptosis by repressing caspase-3 expression. Induction of the inflammatory response mediated by NF-κB appeared to directly activate Lin28 transcription and rapidly reduce Let-7 microRNA levels, thereby promoting breast cancer tumor growth [20] . It has been known that Lin28 encodes RNA-binding protein that binds to Let-7 pre-microRNA and blocks the production of mature Let-7 microRNA [43, 44] . In contrast, activation of the NF-κB-related pathway due to increased oxidative stress was shown to enhance tumor proliferation but reduce resistance to paclitaxel treatment [26] . Here, we show that OTUD7B expression inversely correlates with both LIN28 and CASP3 expression in clinical tissues derived from patients with TNBCs. These results suggest that OTUD7B upregulation likely inactivates the NF-κB-Lin28 axis, which leads to the activation of Let-7 microRNA-mediated caspase-3 downregulation and eventually results in poor response to paclitaxel-induced cell apoptosis in paclitaxel-resistant TNBC cells.
In conclusion, OTUD7B upregulation is most likely due to miR-1180 downregulation and that this upregulation protects paclitaxel-resistant TNBC cells from paclitaxel-induced cell death by inhibiting NF-κB activity and thereby restraining Lin28-mediated suppression of maturation/activation of Let-7 microRNA. These effects may ultimately render the apoptotic pathway ineffective due to Let-7-triggered post-transcriptional inhibition of caspase-3 transcript. Our findings not only suggest that OTUD7B could be a prognostic biomarker for paclitaxel efficacy but also imply that targeting OTUD7B may be a new strategy to enhance the anti-cancer effectiveness of paclitaxel-based chemotherapy against breast cancer, particularly TNBCs.
MATERIALS AND METHODS
Cell lines and cell culture condition
Breast cancer cell lines MDA-MB-231 and MDA-MB468 were cultured in Leibovitz's (L-15) medium (Gibco Life Technologies, Grand Island, NY, USA) supplemented with 10% foetal bovine serum (FBS, Invitrogen) and incubated at 37°C with free gas exchange with atmospheric air. Breast cancer cell lines HCC1806, HCC1937, HCC38 and HCC70 were cultured in RPMI-1640 medium (Gibco Life Technologies) with 10% FBS and incubated at 37°C with 5% CO 2 . BT-20 and Hs578t cells were cultured in Eagle's Minimum Essential Medium (EMEM) and DMEM, respectively, with 10% FBS and incubated at 37°C with 5% CO 2 . All cell lines were obtained from American Type Culture Collection (ATCC). All cells were routinely authenticated on the basis of short tandem repeat (STR) analysis, morphologic and growth characteristics and mycoplasma detection.
Reverse transcription PCR (RT-PCR)
Total RNA was extracted from cells using TRIzol extraction kit (Invitrogen). Aliquots (5 μg) of total RNA were treated with M-MLV reverse transcriptase (Invitrogen) and then amplified with Taq-polymerase (Protech) using paired primers (for primary mR-1180, forward-CTGGTGCCCACCTCAGAGACGG and reverse-CAC AGCCACCAGGCTGAGCATG; for OTUD7B, forward-GAAGGAGAAGTCAAAGCGAGATCG and reverse-GC ATCACCTCCTGGCTATACTTGC; for CASP3, forward-CATGGAAGCGAATCAATGGACT and reverse-CTGTA CCAGACCGAGATGTCA; for GAPDH, forward-AGG TCGGAGTCAACGGATTTG and reverse-GTGATGG CATGGACTGTGGTC).
In vitro invasion assay
For invasion assay, Boyden chambers (Neuro Probe, Inc., USA) were used according to the manufacturer's protocol. Briefly, polycarbonate membrane (8 μm pore size, 25 × 80 mm, Neuro Probe, Inc., USA) was precoated with 10 μg of human fibronectin (Sigma, MO, USA) on the lower side and matrigel on the upper side. Cells (1.5 × 10 4 ) were plated in the top chamber in 50 μl of starvation medium (0.1% FBS) containing drugs or DMSO. After 16 h, stationary cells were removed from the top side of the membrane, whereas migrated cells in the bottom side of the membrane was fixed in 100% methanol and stained with 10% Giemsa's solution (Merck, Germany) for 1 hr. Invaded cells were counted under the light microscope (400x, ten random fields from each well). All experiments were performed in triplicates.
Microarray data processing
Transcriptional profiling results for HCC38 and MDA-MB436 cells treated with or without paclitaxel at 10× IC 50 concentrations were obtained from GEO DataSets (accession no. GSE50832) on the NCBI website. Microarray data and related clinical data for GEO DataSet GSE22513 were also downloaded from NCBI website. Affymetrix DAT files were processed using the Affymetrix Gene Chip Operating System (GCOS) to generate .CEL files. Raw intensities in the .CEL files were normalized by robust multi-chip analysis (RMA), and fold-change analysis was performed using GeneSpring GX11 (Agilent Technologies). Relative mRNA expression levels were normalized by their median and presented as log 2 values.
In silico analysis
Genes with a 1.5-fold-change threshold relative to control cells in HCC38 and MDA-MB436 cells after paclitaxel treatment were uploaded to the Ingenuity Pathway Analysis (IPA) website (Ingenuity Systems, www.ingenuity.com). Results of computational predictions for the activation or inhibition status of upstream regulators were then output as a text file. Consensus upstream regulators with significant z-scores from in silico analysis of paclitaxel-treated HCC38 and MDA-MB436 cells were analyzed in a PivotTable report and plotted as a dotplot in Microsoft Excel.
Animal studies
NOD/SCID mice were obtained from National Laboratory Animal Center in Taiwan and were maintained in compliance with the institutional guideline. All animal procedures were approved by the Institutional Animal Care and Use Committee at Academia Sinica, Taiwan. For the in vivo tumor growth, cells (5 × 10 5 ) suspended in 50 μL PBS were subcutaneously inoculated into the lateral dorsal skin of each mouse. Mice were humanely killed at the end of experiments and lungs were obtained for histological analysis. 
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